Zinc is an essential trace element that serves as a catalytic cofactor in metalloenzymes and a structural element in proteins involved in general metabolism and cellular defenses of pathogenic bacteria. Despite its importance, high zinc levels can impair cellular processes, inhibiting growth of many pathogenic bacteria, including the major respiratory pathogen Streptococcus pneumoniae. Zinc intoxication is prevented in S. pneumoniae by expression of the zinc exporter CzcD, whose expression is activated by the novel TetR-family transcriptional zinc-sensing regulator SczA. How zinc bioavailability triggers activation of SczA is unknown. It is shown here through functional studies in S. pneumoniae that an unannotated homodimeric TetR from S. agalactiae (PDB 3KKC) is the bona fide zinc efflux regulator SczA, and binds two zinc ions per protomer. Mutagenesis analysis reveals two metal binding sites, termed A and B, located on opposite sides of the SczA Cterminal regulatory domain. In vivo, the A-and B-site SczA mutant variants impact S. pneumoniae resistance to zinc toxicity and survival in infected macrophages. A model is proposed for S. pneumoniae SczA function in which both A-and B-sites were required for transcriptional activation of czcD expression, with the A-site serving as the evolutionarily conserved intracellular sensing site in SczAs.
Introduction
Zinc (Zn) is an essential trace element for all organisms (Andreini et al., 2006) . It serves as a catalytic cofactor for a wide and functionally diverse range of enzymes, including hydrolytic enzymes, for example, metallopeptidases, esterases, and alcohol dehydrogenases (McCall et al., 2000) . Zn is also required in a large number of important metabolic regulatory proteins as a structural component, in helping to maintain protein stability. Given the importance of Zn in general metabolism and cellular defenses (Bonaventura et al., 2015; Djoko et al., 2015) , it is understandable that imbalances in Zn homeostasis can impair fitness of organisms. Thus, there is an clear need to tightly control intracellular Zn levels and bioavailable (readily accessible) Zn in cells.
In mammals, total associated Zn levels vary significantly among tissue sites (100-650 lM) (McDevitt et al., 2011) . During inflammation, these Zn levels can rise, resulting in activation and recruitment of various immune cells to specific host sites of infection (Milanino et al., 1993; Botella et al., 2011; Ong et al., 2014) . The concentration of bioavailable Zn at these sites has yet to be accurately measured. However, it has been demonstrated that approximately 15% of the total associated Zn in the airway mucosal epithelium is bioavailable (Zalewski et al., 2005) . In any case, it is well known that elevated Zn levels inhibit metabolic processes and virulence pathways in bacteria (Djoko et al., 2015) , including the major human respiratory pathogen Streptococcus pneumoniae (McDevitt et al., 2011; Eijkelkamp et al., 2014) , and this is an important component of the hostpathogen interface (Capdevila et al., 2016; Nairn et al., 2016) .
Excessively high intracellular Zn levels are prevented by inducing the expression of proteins that mediate Zn efflux. These proteins include members of the ZIP, Ptype ATPase, resistance nodulation division pumps (RND) and cation diffusion facilitator (CDF) families (Hantke, 2001) . For several bacteria, including S. pneumoniae, the CDF family metal/H 1 antiporter CzcD serves as the major Zn-resistance determinant (Anton et al., 1999; Kloosterman et al., 2007; Jacobsen et al., 2011; Martin and Giedroc, 2016) . Deletion of czcD reduces virulence of bacterial pathogens and renders S. pyogenes more susceptible to polymorphonuclear leucocyte killing . Transcription of czcD is regulated by the novel tetracycline repressor (TetR) family response factor SczA, which is believed to exhibit dual functionality in S. pneumoniae, as both a repressor and an activator of transcription by sensing intracellular Zn levels ( Fig. 1 ) . When Zn is limited, SczA binds a palindromic conserved DNA sequence adjacent to the consensus sequences for RNA polymerase recruitment and represses czcD transcription (Fig. 1B ) . When Zn is in excess, SczA occupies a different site upstream in the czcD promoter, mediating induction of CzcD expression, thereby increasing Zn efflux (Fig. 1B) . The mechanism that leads to this switch in DNA-binding site occupancy and which metal-binding residues are required for activation of SczA are unknown.
The TetR family of proteins collectively interact with a wide array of ligands and regulate many cellular processes. Canonical TetRs mediate cellular resistance to toxic antibiotics or lipophilic compounds and up-regulate the expression of downstream genes, generally via ligand-mediated transcriptional derepression, encoding proteins that are responsible for efflux of these toxic compounds (Cuthbertson and Nodwell, 2013) . SczA is unique as the first identified metal-sensing regulatory protein of the TetR family, and also fails to conform to the general paradigm of ligand-mediated transcriptional depression, since SczA activates transcription of an efflux pump to prevent cellular Zn toxicity. Despite the extraordinary functional diversity of the TetR family, the structural features include many commonalities. TetRfamily repressors adopt a homodimeric architecture composed of two domains ( Fig. 2 ): a highly conserved N-terminal DNA-binding domain (a1-a3) consisting of a helix-turn-helix motif with the a1 helix typically preceded by a positively charged region that makes contacts with the DNA minor groove; and a variable C-terminal regulatory domain (a4-a9) that is involved in dimerization and ligand binding (Cuthbertson and Nodwell, 2013) . Helices a5-a7 form a central "triangle" outlining a ligand-binding cavity that may be accessible from the front, side, or top of the molecule when oriented with the DNA binding domains pointing down (see Fig. 2 ), depending on the specific TetR-family protein member (Cuthbertson and Nodwell, 2013) . A. The sczA-czcD region in S. pneumoniae D39 serotype 2 highlighting the positions of the two previously characterized operators (OP1 and OP2) and transcription start sites for the sczA and czcD genes. B. When Zn is limiting, SczA binds to the czcD promoter blocking czcD transcription. However, when Zn is in excess, SczA binds upstream to OP1 inducing czcD expression, thereby increasing Zn efflux. Zn ions are represented by the green spheres. pneumoniae SczA (which is consistently 11 relative to S. agalactiae; see Fig. 3 ). The residue marked H118 is an Asp (D117; designated here as D118) in the Sag SczA structure (see Supporting Information Fig. S1 and Fig.  3 ). Color coding is as follows: N-terminal DNA binding domain, magenta; C-terminal regulatory domain, blue; Ni(II) ion, green.
In this work, we identify a second TetR-family SczA from S. agalactiae 2603 serotype V exhibiting 48% sequence identity to the S. pneumoniae D39 serotype 2 SczA. Through an extensive sequence analysis of Streptococcus spp., and metal-binding and phenotypic growth analysis, we identify several determinants required for Zn-dependent activation of SczA. Our in vivo and in vitro functional analysis of SczA in S. pneumoniae and S. agalactiae provide new insights into how this novel TetR-family response factor senses intracellular Zn bioavailability, thereby activating SczA and upregulating czcD transcription.
Results

S. agalactiae gene locus tag SAG0431 encodes a bona fide SczA
An unannotated TetR-family protein from S. agalactiae 2603 serotype V (gene locus tag SAG0431) deposited by the Midwest Center for Structural Genomics in the Protein Data Bank (PDB code 3KKC) exhibits 48% amino-acid sequence identity to S. pneumoniae D39 serotype 2 SczA ( Fig. 3 ; see Supporting Information Fig. S1 for the extended alignment). The structure shows one metal ion per protomer, annotated as a nickel ion (Ni(II)), coordinated by a histidine triad of H68, H84 and H88 (the S. pneumoniae amino acid numbering system is used consistently throughout this article for simplicity) and three additional ligands from solvent. Although Ni(II) is reported to activate czcD transcription in S. pneumoniae, Ni(II) is unlikely to be physiologically relevant in S. pneumoniae as only trace amounts are found associated with pneumococcal cells and there are no known Ni(II)-requiring enzymes expressed by S. pneumoniae.
Based on protein sequence and genomic context similarities, i.e., both genes are located in a divergently transcribed operon associated with a CDF efflux transporter, we hypothesized that SAG0431 might perform the same biological function as SczA in S. pneumoniae. To test this, we first constructed a sczA-null S. pneumoniae D39 strain and compared its functional properties with a czcD-null mutant that is unable to export Zn out of the cytoplasm. Consistent with previous studies Martin and Giedroc, 2016; Jacobsen et al., 2011) , a rich growth medium supplemented with 300 lM Zn perturbs pneumococcal growth of cells lacking czcD or sczA (Fig. 4 and Supporting Information Fig. S2 ). This growth phenotype is rescued by allelic replacement with a C-terminally FLAG-tagged S. pneumoniae SczA or S. agalactiae SAG0431 (Fig. 4 and Supporting Information Fig. S2 ). The minor difference in growth yields between SAG0431 and S. pneumoniae SczA complementation may be attributed to differences in protein sequence identity or possibly operator sequence recognition. However, as SAG0431 complemented the S. pneumoniae sczA-null mutant, these data indicate that the protein product of SAG0431 is an orthologous SczA.
S. pneumoniae SczA and S. agalactiae SczA harbor two metal-binding sites per protomer Although Ni(II) is refined in the crystal structure of S. agalactiae SczA and may be capable of modulating the binding of S. pneumoniae SczA to the czcD promoter in vitro , Zn(II) is expected to be the physiologically relevant activator of czcD expression. Information Fig. S1 ). Ni(II)-binding residues in site A are designated by green spheres. S. pneumoniae SczA candidate metal-binding residues targeted in this study as site B are designated by blue or white spheres and DNA-binding residues by yellow spheres. Secondary structural elements of S. agalactiae SczA are shown as a-helices (coils; a1-a9) and residue numbering across the top refers to the S. pneumoniae SczA sequence. S. agalactiae SczA and S. pneumoniae SczA exhibit 48% sequence identity. The alignment was generated using ClustalW (Larkin et al., 2007) , and the figure was prepared using ESPript (Robert and Gouet, 2014) .
Moreover, given the physical properties of Ni(II) and Zn(II), Zn(II) may bind to SczA differently than the Ni(II) in the structure. We therefore sought to explore Zn(II) binding to SczA in vitro. To our surprise, we found that purified apo S. pneumoniae SczA binds two Zn(II) ions per protomer, or 4 per homodimer, at pH 8.0 in competition with a modest affinity competitor chelator, mag-fura-2 (mf2) (Fig. 5A) . One of the binding sites has high affinity, with an association equilibrium (K Me ) constant above that measurable by competition with mf2 (log K Zn1 9), while the other is of more modest affinity (log K Zn2 7.9 6 0.1). Zn(II) binding to S. pneumoniae apoSczA is significantly weakened at pH 6.0 (log K Zn1 7.3 6 2.9 and log K Zn2 4.9 6 0.1) (Fig. 5B) , with mf2 outcompeting apo-SczA for binding of both Zn(II) ions. Although the presence of a second metal-binding site was unexpected, the strong pH-dependence is consistent with the Zn-histidine ligation in both sites, as observed in the S. agalactiae SczA structure (Fig. 2) . We note that these metal binding experiments were hampered by the tendency of S. pneumoniae SczA to aggregate in solution. Therefore, further metal binding experiments were pursued in vitro using only S. agalactiae SczA. S. agalactiae SczA shows a similar pattern to that of the S. pneumoniae SczA protein, binding to two Zn(II) ions per protomer, with one high-affinity site and one moderate affinity site (log K Zn1 9 and log K Zn2 8.4 6 0.1, respectively) (Fig. 5C) .
The metal-binding stoichiometry of wild-type S. agalactiae SczA was further confirmed by titrations of the apo-protein with Co(II) (Fig. 6 ). Co(II) is commonly used as a spectroscopically useful surrogate for Zn(II)-binding proteins since it typically adopts the same coordination geometry of the cognate metal Zn(II) (Pennella et al., 2003) . Our data indicate that there are two spectroscopically distinct metal-binding sites present in wildtype SczA, each with distinguishable affinities, given the distinct spectral features of the first and second molar equivalents of Co(II) added to apo-SczA (Fig. 6A) Exponentially growing S. pneumoniae cells were diluted into prewarmed BHI broth with 0 (black) or 300 lM Zn (gray) at t 5 0 and allowed to proliferate. Cell density after 6 h growth, post-inoculation is shown. Full growth curves are shown in Supporting Information Fig. S2 . Complementation of the sczA-null (DsczA) mutation by S. pneumoniae (spn) and S. agalactiae (sag) sczA-FLAG is shown.
The mean of at least three independent cultures 6 SEM is shown. occur prior to Zn(II) filling the octahedral site. Together, these data strongly suggest that there are two distinct metal-binding sites present in SczA that may contribute to allosteric activation of DNA operator binding (Fig. 1) .
Having confirmed the presence of a second metalbinding site in SczA, we sought to identify it in the structure. We reasoned that the high-affinity Co(II) site likely corresponds to the octahedral site A identified in the crystal structure bound to Ni(II), while the lower-affinity Co(II) site corresponds to a site B elsewhere in the protein. Comparative sequence alignments of SczA candidates from other streptococci was performed to identify other conserved potential metal binding residues in the ligand-binding core of SczA (a5-a7), in particular histidines. We observed that SczA proteins exhibit a second cluster of conserved potential metal-binding residues, designated here as site B, including H67 in the a4 helix and E114, E116, H117 and H118 in the a7 helix (see Fig. 3 and Supporting Information Fig. S1 ), near the Ni(II)-site in the C-terminal regulatory domain in the S. agalactiae SczA structure (Fig. 2) . The structure suggests that E114, H117 and H118 are well-poised to coordinate a metal, while some structural rearrangement might be necessary to accommodate coordination by H67 or E116, the latter of which clearly points away from E114, H117 and H118 in the structure (Fig. 2) .
Residues R6 and K10 are required for SczA function
The DNA-binding domains of TetR-family proteins are composed of N-terminal helices a1-a3 (Fig. 3) . Based on a number of structures of TetR protein-DNA complexes, a3 serves as the DNA recognition helix, forming specific contacts with the DNA major groove, while a1 and an N-terminal extension often make contacts with the DNA minor groove, immediately flanking major groove recognition determinants (Orth et al., 2000; Schumacher et al., 2002; Le et al., 2011) . Positively charged residues, particularly arginine and lysine, typically mediate these contacts. Our sequence alignment (Supporting Information Fig. S1 ) shows that R6 and K10 in the N-terminal region are well-conserved and may contribute to SczA function. Pneumococcal strains harboring amino acid substitutions of R6 and K10 with a non-charged alanine residue in SczA fail to grow in the presence of Zn-stress ( Fig. 7A and Supporting Information Fig. S2 ), despite wild-type levels of expression of SczA (Supporting Information Fig. S3 ). ICP-MS shows that these mutant strains accumulate 2-fold more cellassociated Zn than wild-type (WT) cells during Zn stress (Fig. 7B , gray bars), suggesting that R6A and K10A SczA variants are unable to induce czcD transcription. Indeed, no CzcD protein was detected by western blots during Zn-stress (Supporting Information Fig. S4 ). In vitro metal-binding spectroscopic analysis shows that both SczA-R6A and SczA-K10A retain two metalbinding sites like WT-SczA (Fig. 6E) , suggesting that these mutations within the DNA-binding domain of SczA do not affect metal-binding events in the C-terminal regulatory domain, and most likely affect SczA-DNA binding complex formation.
The crystal structure of Sag SczA shows residues R6 and K10 as part of an unusually extended a1 helix, raising questions as to how they could make significant contacts to the DNA phosphate backbone as previously observed in structures where the basic residues are in flexible regions N-terminal to a1. The extended helix would force R6 to point away from the DNA (Fig. 2) ; however, it is also possible that a1 is lengthened in the structure by a crystal-packing artifact. Although the solution structure of apo-SczA is beyond the scope of this work, analysis by nuclear magnetic resonance spectroscopy (NMR) shows that R6 and K10 are indeed in an unstructured, highly flexible N-terminal region, outside of the a1 helix in solution (Supporting Information Fig. S5 ). The assigned chemical shifts of residues 1-10 are not consistent with helical geometry; in contrast, these residues have low 15 N-{ 1 H}-heteronuclear NOEs, reflective of a non-helical, highly dynamic region of the protein (Supporting Information Fig. S5 ). Thus, the available structural data support the notion that residues R6 and K10 are vital to the function of SczA, likely due to their ability to enhance DNA binding through contacts with the phosphate backbone.
The octahedral coordinating metal-binding site a is required for activation of SczA
The Ni(II)-bound S. agalactiae SczA structure predicts that invariant residues H68 in the a4 helix and H84 and H88 in a5 are metal binding ligands (see site A; Fig. 2 ).
In vitro spectroscopic analysis using our Co(II) titration assay confirms that these three residues physically coordinate a single metal ion with octahedral coordination geometry ( Fig. 8A ), since amino acid single or double substitutions of these residues with alanine results in the specific loss of the octahedral binding event (e max 20 M 21 cm 21 at 500 nm), but retention of the tetrahedral binding event in all cases ( Fig. 6C ) relative to WT SczA (Fig. 6A ).
In vivo, we find that a H68A substitution in S. pneumoniae SczA increases Zn sensitivity ( Fig. 7A and Supporting Information Fig. S2 ) and Zn accumulation relative to WT cells during Zn stress (Fig. 7B , gray bars). A modest growth defect is observed for the H84A mutants, while the H88A mutants grew similar to WT cells when stressed when Zn ( Fig. 7A and Supporting Information Fig. S2 ). WT-like cell-associated Zn concentrations are observed for both H84A and H88A variant Fig. S2 . B. Total cell-associated Zn measured by ICP-MS. Pneumococci lacking czcD accumulate 2-fold more Zn than WT strains during Zn stress as previously shown (Jacobsen et al., 2011; Martin and Giedroc, 2016) . The mean of at least three independent cultures 6 SEM is shown with statistical significance compared with WT strain. *, p-value 0.05; **, p-value 0.01; and ***, p-value 0.001.
Functional determinants of the pneumococcal zinc efflux regulator SczA 641 strains independent of Zn stress (Fig. 7B) . CzcD expression was significantly lower in cells expressing SczA-H84A (Supporting Information Fig. S4 ), but sufficient to prevent significant cellular Zn toxicity. Interestingly, a strain harboring the double mutant H84A/H88A SczA fails to grow during Zn-stress (Fig. 7A) , despite being expressed at a level exceeding that of WT-SczA (Supporting Information Fig. S3B) . A 2.5-fold increase in Zn accumulation is associated with the SczA-H84A/H88A mutant strain, relative to WT, in the presence of Zn stress (Fig. 7B) , a finding consistent with undetectable levels of CzcD protein by western blot (Supporting Information Fig. S4 ). These data confirm that the single SczA-H84A and SczA-H88A mutant proteins are only partially functional. Together, these data strongly suggest that H68 and likely, H84 and H88, physically coordinate Zn(II) in site A (Fig. 8A ) and each is important for transcriptional activation of czcD expression by SczA. If one assumes that coordination numbers for Zn(II) and Co(II) at site A are the same, then the octahedral coordination geometry may very well involve the recruitment of one or more ligands from the solvent.
The tetrahedral coordinating metal-site B is important for SczA function
We next evaluated the composition and significance of site B in SczA. In vitro spectroscopic analysis of B-site SczA mutant proteins including H67A, E114A, E116A, H117A and H118A mutants, reveals a specific loss of tetrahedral coordination of Co(II) for all mutants tested (no e max 300 M 21 cm 21 at 560 nm) (Fig. 6D) , with the exception of E116A SczA (Fig. 6E ), when compared with the WT SczA (Fig. 6A) . The Co(II) titration spectra for E116A SczA (Fig. 6E , third panel) track those of WT SczA (Fig. 6A) , displaying two independent metalbinding coordination events with Co(II). Substitution of D118 with cysteine (D118C) retains the signature strong peaks indicative of tetrahedral geometry, but with an intense absorption in the near UV-region, indicative of cysteine-thiolate ligation to Co(II) in the metal-binding site B (Fig. 6F ). These data show that D118 is a direct ligand in the metal chelate, while H67, E114 and H117 are also important and likely coordinate the metal ion with tetrahedral coordination geometry in site B of SczA (Fig. 8A) .
In vivo mutational analysis of B-site residues further reveals that strains harboring alanine substitutions of H67, E114, E116, H117 and H118 show variable growth phenotypes compared with WT S. pneumoniae strain during zinc stress (Fig. 7A , gray bars and Supporting Information Fig. S2 ) but show similar WT-like growth pattern when not stressed (Fig. 7A, black bars) . We find that pneumococcal cells expressing H67A SczA or H118A SczA fail to grow in the presence of Zn stress, whereas the E114A SczA variant shows only a modest growth defect relative to WT cells (Fig. 7A) . Strains encoding the E116A SczA and, to our surprise, the H117A SczA variant, are characterized by WT-like growth yields independent of Zn stress (Fig. 7A) . Cellassociated Zn levels are consistent with growth phenotypes, in which H67A and H118A SczA mutants accumulate 2-fold more Zn than WT cells during Zn stress (Fig. 8B, gray bars) . A slight increase in Zn is observed for E114A SczA mutant, while the E116A and H117A SczA strains possess WT-like cellular Zn levels when grown with excess Zn (Fig. 7B) . We show that all SczA constructs are expressed at or near WT-like levels (Supporting Information Fig. S3 ) and that CzcD protein was only detected in the E116A and H117A SczA mutant strains by western blot (Supporting Information Fig. S4 ). The latter are consistent with a functional SczA. Taken together, these data suggest that site B comprises residues H67, E114 and H118, which coordinate the metal in a tetrahedral coordination geometry (Fig. 8A ) and contribute to SczA function in vivo. The observation that H117 is required for tetrahedral Co(II) binding in vitro, Note that the precise Zn(II) coordination geometries shown are inferred from the Co(II) absorption spectra, and cannot be unambiguously defined by these data alone.?, unknown. B. Cartoon summary model of the relative activation of SczA by various metal cations tested in this study. The distorted tetrahedral Bsite is the high affinity metal-binding site, while the A-site is likely octahedral, serving as the lower affinity site in SczA. Activation of czcD transcription by SczA requires filling of both sites A and B. Elevated Mn(II) levels can inhibit activation of SczA by Zn (see Fig. 10 ).
yet dispensable for response to Zn(II) stress in vivo, suggests either that there are differences in the B-site coordination complexes between Co(II) and Zn(II), or the functional impact of a single H117A mutant in the site B is smaller relative to the other residues.
SczA mutants show decreased survival in mammalian-host macrophages
Emerging evidence suggests that mammalian host cells are capable of exploiting Zn toxicity to kill invading pathogenic bacteria Bonaventura et al., 2015; Djoko et al., 2015) . Several reports have demonstrated that CzcD is essential for resistance against Znkilling by neutrophils and that streptococci lacking czcD are hypersensitive to polymorphonuclear leucocyte killing, indicating that CzcD is important for virulence . Here, we show that the survival of S. pneumoniae sczA-null mutants is severely compromised in human THP1-derived macrophages (Fig. 9) , suggesting that these bacteria are susceptible to intramacrophage Zn toxicity, similar to the impact observed in in vitro liquid culture experiments (Fig. 7A) .
We next assessed the ability of SczA mutant strains to survive in this Zn-intoxicating microenvironment. We find that the N-terminal positively-charged amino acid substitution mutants (R6A and K10A) show significantly reduced survival in human macrophages relative to WT cells (Fig. 9) . We also find that mutations in the A-site (H68A or H84A/H88A) that show poor induction of czcD in liquid culture have significantly reduced survival rates, whereas single mutants sczA-H84A and sczA-H88A are not statistically different relative to WT (Fig. 9) , a finding consistent with the liquid culture results. Site B mutant strains also follow a trend similar to that observed for growth and metal analysis in liquid culture. Here, pneumococcal cells expressing H67A or H118A SczAs show clearly reduced survival rates relative to the WT strain, consistent with these residues functioning as anchoring ligands to the B-site metal (Fig. 8A) . In contrast, the sczA-E114A strain is essentially wild-type, while the sczA-E116A, and sczA-H117A mutants give modestly impaired resistance to intramacrophage Zn toxicity and clearance (Fig. 9) .
Taken together, these data demonstrate that R6 and K10 in the a1 helix of the DNA-binding domain, and that both A and B metal-binding sites found in the C-terminal regulatory domain of SczA are significantly important in dictating an in vivo resistance to Zn toxicity in the context of a true host-induced antimicrobial Zn stress model. This resistance correlates with the ability of SczA to function as a Zn-induced transcriptional activator of czcD expression.
The bioavailable Mn/Zn ratio affects CzcD expression
Accumulating evidence indicates that Zn and manganese (Mn) homeostasis are interconnected in S. pneumoniae (Jacobsen et al., 2011; Honsa et al., 2013; Eijkelkamp et al., 2014; Imlay, 2014) and that the Mn/Zn ratio may dictate the specific activities of enzymes and regulatory proteins inside cells (Martin et al., 2017) . For example, high extracellular Zn concentrations can impose Mn limitation by binding to the high-affinity Mn solute-binding protein PsaA of the PsaBCA Mn-specific importer, forming a stable Zn-protein complex that prohibits Zn release, rendering the PsaBCA importer nonfunctional (Counago et al., 2014) . Furthermore, Zn can outcompete Mn for binding to the Mn-response DtxRfamily repressor PsaR, forming a PsaR:2 Zn(II) complex that represses psaBCA transcription, thereby reducing Mn import (Kloosterman et al., 2008; Lisher et al., 2013) . Mn limitation, on the other hand, has been shown to induce czcD transcription resulting in lower cellassociated Zn levels (Ogunniyi et al., 2010) , while Mn toxicity increases Zn levels by two-fold (Martin et al., 2017) . Together, these data suggest to us that Mn might play a role in SczA activation, possibly acting as an antagonist analogous to the ability of Zn to antagonize PsaR function (Lisher et al., 2013) .
To test the effect of the bioavailable Mn/Zn ratio on SczA function, we grew WT cells in a BHI growth medium with or without Mn, stressed these cells with increasing concentrations of Zn, and measured CzcD protein expression by western blot. As described above, addition of Zn (100 lM) to the BHI growth medium induces CzcD expression in WT pneumococcal cells (Fig. 10A ) via Zn activation of SczA. Pre-adaption of WT cells with 200 lM Mn significantly reduces the level of CzcD expression that occurs upon addition of Zn stress, relative to growing the cells without excess Mn (Fig. 10A   Fig. 9 . Intracellular survival of wild-type and SczA mutant variant S. pneumoniae strains in infected human macrophages. The data shown represent the mean of five biological replicates 6 SEM. Significant differences to WT strain are shown. *, p-value 0.05; **, p-value 0.005; ***, p-value 0.001; and ****, p-value 0.0005.
Functional determinants of the pneumococcal zinc efflux regulator SczA 643 and Supporting Information Fig. S6 ). Similar CzcD expression patterns are also observed for pneumococcal cells lacking the Mn-specific CDF exporter MntE (Fig. 10B) , which has been previously shown to accumulate two-fold more Mn relative to WT cells (Martin and Giedroc, 2016) ; increasing Zn-stress leads to increased CzcD protein levels in mntE-null mutants. However, the degree of CzcD expression in the mntEnull mutant is 2-fold lower than that found in WT cells stressed with Zn (Fig. 10A,B, black bars) . CzcD protein levels are reduced even further when mntE-null mutants are pre-grown with Mn (Fig. 10B, gray bars) . These data suggest that the bioavailable Mn/Zn ratio plays a role in SczA activation and that Mn may possibly bind directly to SczA, antagonizing its function.
To test for direct binding of Mn to SczA in vitro, we first evaluated mf2 competition. The cell-associated Mn to Zn ratio is equal to 1 in S. pneumoniae (Martin et al., 2017) ; however, the actual intracellular Mn and Zn concentrations are not known and intracellular Mn concentrations may be much higher than that of Zn. Given this, we predicted that Mn might bind SczA weakly in comparison to Zn. Indeed, we find that mf2 outcompetes apo-SczA for binding of Mn(II) ions, providing only an upper limit on the affinity of log K Mn < 4 (Supporting Information Fig. S7 ). Since affinities for Mn(II) of this magnitude may still be physiologically relevant, we next explored whether Mn binds site-specifically to SczA in vitro by NMR. Although large proteins can be challenging to study by NMR spectroscopy, we were able to Fig. 10 . The bioavailable Mn/Zn ratio influences CzcD expression. Exponentially growing WT (A) and mntE-null (B) strains were diluted into pre-warmed BHI broth with 0 (black) or 200 lM (gray) Mn at t 5 0 and allowed to grow for 3 h prior to adding Zn. Cells were harvested after 1 h and CzcD protein levels were detected by western blot (see Supporting Information Fig. S6 for representative blots) . The data shown represent the mean of three independent cultures that are normalized to non-stressed strains 6 SEM. Significant differences to non-stressed strains are shown. *, p-value 0.10; ***, p-value 0.005; and ns, not significant. (C) TROSY spectra were recorded before and after addition of equimolar MnCl 2 to an NMR sample of apo-SczA. The change in peak height upon addition is shown for each residue. Unassigned residues, including prolines, are shaded gray. A threshold of 0.05 is shown as a dashed line. Error bars shown are propagated from S/N of each recorded spectrum. (D) The Mn(II)-induced paramagnetic relaxation enhancement data shown in panel C is plotted on the SczA crystal structure (PDB 3KKC), with residues impacted beyond the 0.05 cutoff colored light gray, and less affected residues colored blue. Unassigned residues, including prolines, are colored dark gray. Paramagnetic relaxation enhancement by the Mn(II) dramatically reduces signal intensities for nearby residues; as a result, many cross-peaks are missing or severely broadened in the presence of Mn(II). Notably, residues in the metal-binding helices are most affected, while residues in the dimerization helices and the DNA-binding domain are less affected.
obtain sequence-specific residue assignments of the backbone atoms of uniformly 2 H, 13 Fig. S7) . Although all signals are weaker with the addition of equimolar Mn(II) (Fig. 10C) , cross peaks remain for both the DNA-binding domain (a1-a3) and for the dimerization helices (a8-a9), but are largely obliterated in the metal-binding helices a4-a7, suggesting that Mn is coordinated by residues closest to the mapped metal-binding sites. The spatial pattern is particularly clear when plotted onto the structure (Fig. 10D) . Unfortunately, the paramagnetic broadening induced by Mn(II) is such that the spatial resolution is insufficient to determine whether Mn(II) binds to site A, site B or both. Despite this, these data demonstrate that Mn binds specifically to the ligand-binding domain of SczA, where it antagonizes the Zn-activation function of the regulator.
Discussion
This work provides the first in vivo functional analysis of the novel TetR-family response factor SczA expressed by S. pneumoniae D39 that is conserved among Streptococcus spp. (Supporting Information Fig. S1 ). We show that the protein product encoded by S. agalactiae gene locus SAG0431 is capable of complementing a S. pneumoniae sczA-null strain, revealing that SAG0431, like S. pneumoniae SczA, is a Zn-responsive activator of czcD transcription. We also show that the highly conserved N-terminal residues R6 and K10 in S. pneumoniae are essential for SczA function in protecting pneumococcal cells from Zn toxicity, both in liquid culture and inside human macrophages. Similarity to other TetR-family regulators suggests that R6 and K10 facilitate SczA activation of czcD transcription by directly stabilizing the SczA-DNA binding complex. We cannot, however, exclude the remote possibility that R6 and K10 impact allosteric communication between Zn(II) binding and a physical interaction with RNA polymerase that might lead to transcriptional activation.
Structural data indicate that S. agalactiae SczA harbors at least one metal-binding site, designated site A here, in which one Ni(II) ion is coordinated by three histidines (H68, H84 and H88 in the S. pneumoniae sequence) (Fig. 2) . We show that only the most Nterminal His (H68) is absolutely required to mitigate the effects of cellular Zn toxicity in both liquid culture and within the intramacrophage microenvironment. In contrast, the two C-terminal a5 helix Ni(II)-binding ligands (H84 and H88) appear to play a less important role in determining Zn resistance, since a similar effect is observed only when both H84 and H88 are substituted with alanines. This dichotomy of function, observed previously in the Zn(II)-sensing site of the ArsR-family efflux repressor CzrA from Staphylococcus aureus (Pennella et al., 2006) , reveals that H68 in a4 may be required for allosteric activation of czcD transcription, while the more C-terminal His pair (H84 and H88) may simply enhance Zn affinity that leads to czcD transcriptional activation in cells.
Our studies also clearly reveal a second metal binding site, designated here as site B, in both S. pneumoniae and S. agalactiae SczAs that is predicted to be comprised of residues H67, E114, H117 and H118, derived from a4 and a7 helices, on the opposite side of the molecule from the previously identified Ni(II)-binding site A (Fig. 2) . The sczA-H67A and sczA-H118A strains that target site B give rise to a strong growth phenotype in both liquid culture and within the intramacrophage microenvironment (Fig. 9) , and thus are predicted to be anchoring ligands to the site B Zn(II) (Fig. 8A) . Consistent with this role, D118 (H118 in Spn; see Supporting Information Fig. S1 ), when substituted with Cys (D118C), forms a direct coordination bond to the metal. It is interesting to note in this context that in four streptococcal strains, S. anginosus, S. intermedius, S. gordonii and S. sanguinis, H67 is a Gln (Q) and H118 is a Tyr (Y) (Supporting Information Fig. S1 ). Although neither Gln or Tyr are common Zn ligands, neither is unprecedented, with Gln found in approximately 0.1% of all functional Zn(II)-binding sites in crystallographically characterized proteins (Laitaoja et al., 2013; Chan et al., 2015) . However, the double H67Q/H118Y substitution may result in loss of site B in these streptococci SczAs altogether, further evidence for which is an additional H117N substitution in the S. gordonii SczA sequence (Supporting Information Fig. S1 ). These findings suggest the probability that only the A-site is strictly evolutionarily conserved and that different SczAs may function via distinct allosteric mechanisms.
The remaining candidate B-site ligands (Fig. 8A ) differentially impact SczA function. The sczA-E114A strain shows a moderate growth phenotype in liquid culture and within the intramacrophage microenvironment. This may be consistent with the partial retention of a weak band at 560 nm in the Co(II) absorption spectra in vitro with purified SczA-E114A mutant protein, suggesting that there may be a small degree of residual tetrahedral binding by this mutant. H117, on the other hand, appears to be crucial for tetrahedral Co(II) binding in vitro, but mutation results in no strong phenotype in vivo. Like H84 and H88, H114 and H117 likely contribute Functional determinants of the pneumococcal zinc efflux regulator SczA 645 to chelate stability and mutating both H117 and H114 simultaneously may be necessary to observe a stronger Zn-resistance phenotype.
Interestingly, prior structural studies of other bacterial Zn(II)-sensing transcriptional regulators also reveal the presence of two distinct metal-binding sites that are required, albeit to variable degrees, for activation of DNA binding and transcriptional repression. The metal ions associated with these sites are typically coordinated by His or carboxylate residues, although in at least one case, cysteine is a ligand (Guerra et al., 2011) . Two regulatory metal sites are found in the zinc uptake repressors (Zur) from Mycobacterium tuberculosis (Lucarelli et al., 2007) , B. subtilis Shin and Helmann, 2016) and Streptomyces coelicolor (Shin et al., 2011) , and in the adhesin competence regulator (AdcR) from S. pneumoniae (Guerra et al., 2011) and S. pyogenes (Sanson et al., 2015) . In these systems, immediately adjacent residues in the primary structure make coordination bonds to two different Zn(II) ions. Although coordination by vicinal His or one of two Glu-His (E-H) sequences (in AdcR) are underrepresented in catalytic and structural Zn(II) coordination sites in proteins, relative to more typical HxH and HxxxH motifs found in b-strands and a-helices, respectively (Vallee and Auld, 1990) , such an arrangement is clearly not uncommon among Zn(II)-sensing metallosensors. The "second" or ancillary site has been shown in several cases to fine-tune the transcriptional repression of specific genes leading to a hierarchy of repression or a "graded response" as bioavailable Zn(II) rises in the cell (Shin et al., 2011; Shin and Helmann, 2016) . The two metal sites in SczA, however, are unlikely to facilitate a graded transcriptional response, since Zn(II) is an allosteric activator of transcription, and the only known regulatory target in cells is czcD.
Elucidation of the precise mode of Zn(II) coordination in sites A and B in SczA will require high resolution structural analyses beyond the scope of this study. As shown here, substitution of a subset of the predicted metal coordinating ligands results in a differential impact on SczA function. At first glance, the simultaneous coordination of H67 and H68 to distinct metals (A, B) (see Fig. 8A ) might be expected to require local unwinding or partial distortion of the a4 helical geometry and thereby properly orient the site B ligands into a tetrahedral geometry around a Zn(II) ion, without concomitant disruption of Zn(II) binding to site A. Such a structural rearrangement may be necessary to drive the allosteric activation of SczA, via an impact on DNA binding or a protein-protein interaction. On the other hand, the E41-H42 and E107-H108 dipeptide pairs in AdcR, where the first and second residues of each forms coordination bonds to secondary site 2 and primary site 1 Zn(II) ions (Guerra et al., 2011) respectively, occur without significant distortion of the a2 and a5 helices, respectively, from which they are derived.
Assignment of the high and low affinity Zn(II) binding sites in SczA (see Fig. 5 ) cannot be clearly defined by these data, and will require a site-specific NMR titration analyses (see Supporting Information Fig. S8 ). Although Co(II) fills site A first followed by site B, the order of occupancy is likely reversed for Zn(II), given the finding that Zn(II) displaces the B-site Co(II) prior to displacement of the A-site metal (Fig. 6B) . This assignment is fully compatible with predictions from ligand field stabilization energies, as the relative affinities of high spin Co(II) toward a tetrahedral complex will be 10 3 210
5 -fold lower than that for Zn(II), with this differential much smaller for pentacoordinate and octahedral sites (Guo and Giedroc, 1997; Guerrerio and Berg, 2004) . Thus, we favor a model in which the tetrahedral B-site is the high affinity metal site and the higher coordination number A-site serving as the lower affinity site in SczA (Fig.  8B) . However, the structural integrity of both sites is clearly necessary for transcriptional activation and protection from zinc toxicity in infected macrophages, irrespective of the mechanism. Indeed, filling of the A-site alone, at least by a non-cognate metal Ni(II), does not appear to stabilize a "closed" DNA-binding competent form of the homodimer, as evidenced by the crystal structure (Fig. 2) . Our findings suggest that S. pneumoniae, and possibly other streptococci, are sensitive to fluctuations in intracellular free or rapidly exchangeable Zn(II). In fact, cellular growth rates and morphological changes are observed when WT S. pneumoniae D39 is grown in the presence of less than 200 lM extracellular Zn (ReyesCaballero et al., 2010; Martin and Giedroc, 2016; Martin et al., 2017) . These changes are even more pronounced in czcD-null efflux mutants. Note that the affinity of S. pneumoniae CzcD for Zn(II) is unknown, as is the degree of czcD transcriptional activation that is required to mitigate the effects of Zn toxicity in bacterial cells. However, Zn toxicity within infected macrophages is clearly implicated as a host-mediated strategy by which the innate immune response exploits the coordination chemistry of zinc to aid in the clearance of bacterial pathogens as they attempt to cause invasive disease. The growth phenotype and cellular morphology observed during Zn toxicity can be partially relieved by Mn supplementation but the extent to which metabolic processes remain affected by high levels of extracellular Zn or by perturbations in the bioavailable Mn/Zn ratio remains unclear.
In fact, our data provide further support that, at least for S. pneumoniae, Mn and Zn homeostasis are interconnected; we find that the Mn/Zn ratio can influence CzcD expression, likely via direct antagonization of SczA function by Mn (Fig. 10) . Clearly, an intimate coupling of the A-and B-metal sites in SczAs may well facilitate sensitivity to cellular Zn/Mn ratios, analogous to that described previously for the Mn(II)-activated repressor PsaR (Lisher et al., 2013) . Here, Zn(II) binding to the regulatory sites on the PsaR homodimer under conditions of Zn(II) toxicity inhibits allosteric activation of DNA binding by Mn(II). One exciting possibility is that non-cognate Mn(II) binds to the A-site and adopts a non-native coordination structure, which fails to displace SczA from OP1. Under conditions where Mn is limiting and/or Zn is abundant, Zn will displace Mn from SczA site A, inducing a conformational change and/or distinct coordination structure, resulting in an increase in DNA affinity for OP2 thus driving operator switching by SczA (see Fig. 1 ). Future studies will focus on understanding how the Mn/Zn ratio affects the structure and the dynamics of the SczA homodimer, both off and on the DNA operator, and elucidation of the complex network of allosteric linkage of metal binding and transcriptional activation of CzcD expression by SczA.
Experimental procedures
Bacterial strain and plasmid construction
The strains used in the study were derived from S. pneumoniae D39 serotype 2 (IU1781) and are listed in Supporting Information Table S1 . All mutants were constructed by gene deletion replacement and counter antibiotic selection using the kan-rpsL 1 cassette, Janus (Sung et al., 2001) . Briefly, the 0.8-1 kb region upstream and downstream of target genes were amplified from genomic DNA using inner primers containing flanking regions to the kanamycinresistant Janus cassette (kan-rpsL 1 ). The two outside fragments generated were then joined together with the inner kan-rpsL 1 fragment. The final PCR product was transformed into competent rpsL1 pneumococcal cells using standard techniques (Tsui et al., 2010) . Bacteria were grown on trypticase soy agar II plates containing 5% (v/v) defibrinated sheep blood (TSAII-BA; Becton Dickinson). Plates were incubated at 37˚C in an atmosphere of 5% CO 2 . TSAII-BA plates contained 250 lg ml 21 kanamycin, 250 lg ml 21 streptomycin, or 0.3 mg ml 21 erythromycin (Sigma-aldrich) for antibiotic selection.
For construction of C-terminal single-FLAG-tagged SczA expressed from its native promoter, overlapping 1.5-kb fragments were generated by PCR using primers with the flanking FLAG-tag sequence 5 0 -GATTATAAAGATGATGATGATAAA-3 0 and IU1781 as genomic template. Fragments were then joined together with a P c -erm R resistance marker and transformed into competent IU10393 (czcD-FLAG) (Martin and Giedroc, 2016 ) cells for allelic replacement at the native sczA locus and selected for erythromycin resistance. Strains containing C-terminal triple-FLAG-tagged SczA of both S. pneumoniae and S. agalactiae were constructed similarly with a 10 amino acid linker (5 0 -ggttccgctggctccgctgctggttctggc-3 0 ) inserted before the triple FLAG tag (5 0 -gattataaagatgatgat gataaagattataaagatgatgatgataaagattataaagatgatgatgataaataa 23 0 ; stop codon underlined) generating sczA-L-FLAG
Site-directed mutagenesis was used to generate amplicons containing chromosomal allelic substitution in sczA. Briefly, complementary primers were designed with the mutation of interest located in the center of the sequence. Overlapping fragments generated by PCR were joined together and transformed into competent IU10393 (czcD-FLAG) (Martin and Giedroc, 2016) cells and selected for erythromycin-resistance. All resulting strain constructs were confirmed by DNA sequencing through relevant portions of the genome.
All plasmids used in this study are listed in Supporting Information Table S1 . Plasmid pSPN01 was constructed by amplifying the sczA ORF from S. pneumoniae D39 genomic DNA. The PCR product was digested with NdeI and BamHI, ligated into pET3a behind a T7 promoter, transformed into E. coli DH5a, and selected for ampicillinresistance (100 lg ml
21
) on LB agar. Plasmid pSAG01 was constructed similarly to pSPN01 after obtaining S. agalactiae sczA (gene locus SAG0431) using total gene synthesis from DNA oligos that were codon optimized (Hoover and Lubkowski, 2002) . Site-directed mutagenesis was used to generate amino acid substitutions in SczA on plasmid pSAG01. All resulting plasmid constructs were DNA sequence verified.
Expression and purification of SczA
Plasmid DNA was transformed into Escherichia coli Rosetta (DE3) pLysS (Novagen) the day before planned expression of SczA and selected on LB agar plates containing 100 lg ml 21 ampicillin and 24 lg ml 21 chloramphenicol. The bacteria were scraped from the plate and used to inoculate 15 ml LB broth containing only ampicillin. At approximately 0.6 OD 600 , cells were diluted 1/100 into fresh LB broth containing only ampicillin and grown aerobically at 37˚C. At approximately 0.6 OD 600 , 1 mM isopropyl b-D-1-thiogalactopyranoside was added to induce SczA protein synthesis. One-liter of cells were harvested after 18 h at 18˚C by centrifugation. Cells were suspended in lysis buffer (25 mM Tris-HCl, pH 8.0, 1 M NaCl, 2 mM EDTA, 1 mM DTT) and disrupted by sonication on ice (1/2 in. probe at 30% power for 300 cycles, 1 s pulse on and 5 s pulse off). Cell debris was removed by centrifugation. SczA proteins were precipitated from cell lysate by 70% saturation with ammonium sulfate, then suspended and dialyzed overnight at 4˚C against 2 3 1 l of buffer A (25 mM Tris-HCl, pH 8.0, 200 mM NaCl, 7 mM b-mercaptoethanol) or buffer QA (25 mM Tris-HCl, pH 8.0, 75 mM NaCl, 1 mM DTT) for initial purification step on Ni(II)-NTA affinity or sepharose Q column respectively. Wild-type SczA, site B mutants, and N-terminal mutants (R6A and K10A) were flowed over a HIStrap HP Ni(II)-NTA column (GE Life Sciences). Bound proteins were eluted in buffer A with a gradient of 0-200 mM imidazole, dialyzed against overnight at 4˚C overnight against 1 l buffer QA, and then further purified using Functional determinants of the pneumococcal zinc efflux regulator SczA 647 a mono Q column (GE Life Sciences). Fractions containing SczA protein were pooled, concentrated, and separated further on a HiLoad 16/600 Superdex 75 size-exclusion column (GE Life Sciences) equilibrated with buffer G [25 mM Tris-HCl, pH 8.0, 500 mM NaCl, 2 mM EDTA, 2 mM dithiothritol (DTT)]. Fractions containing SczA protein were pooled and concentrated. Divalent metal cations were removed by dialyzing protein against 25 mM Hepes, pH 7.0, 400 mM NaCl, 2 mM tris(2-carboxyethyl)phosphine (TCEP) buffer containing 10 g l 21 Chelex-100 resin. Site A metal-binding mutant SczA variants were purified using sepharose Q, then gel filtration before final dialysis to remove divalent metal cations; Ni(II)-NTA was not used. Purity of protein was visualized by 15% polyacrylamide gel electrophoresis. Mass spectrometry (ESI-MS and MALDI-TOF) was performed to confirm the identity of the final protein. Protein concentrations were calculated using predicted extinction coefficient for each SczA construct at 280 nm (Protparam) (Gasteiger et al., 2005) .
Metal-binding stoichiometry and affinity determinations
For Zn(II) metal-binding experiments, purified apo-SczA protein stocks were incubated with 5 mM EDTA, pH 8.0 at room temperature and then extensively dialyzed into 25 mM Hepes, pH 8.0, 200 mM NaCl, 1 mM TCEP or 25 mM MES, pH 6.0, 200 mM NaCl, 1 mM TCEP to remove EDTA. All apo-protein stocks were confirmed as metal-free using inductively-coupled plasma-mass spectrometry (ICP-MS). Apo-protein (1 lM) was diluted into metal-free buffer. A fixed concentration (1 lM) of metal-free mag-fura-2 (mf2) was added to the solution to reach a final volume of 2 ml. Data was collected using an ISS PC1 spectrofluorometer with 1.0 mm beam and emission slits in continuous excitation mode, measuring 505 nm emission as a function of the excitation wavelength, every two min after each ith addition of Zn(II) at 25˚C. The Zn(II) binding affinity for mf2 at pH 8.0 measured 8.6 3 10 6 M 21 . For Mn(II) metal-binding experiments, purified apo-SczA protein stocks were incubated with 5 mM EDTA, pH 8.0 at room temperature, then extensively dialyzed into 10 mM Hepes, pH 7.2, 400 mM NaCl to remove EDTA, and confirmed metal-free by ICP-MS. Apo-protein was diluted into metal-free buffer. A fixed concentration of metal-free mf2 was added to the solution to reach a final volume of 1 ml. Metal stock of Mn(II) was titrated into the protein-competitor solution and the absorbance at 360 nm and 325 nm were monitored which report on the k max for the metal-free and metal-bound states of the mf2 (Lisher et al., 2013) , respectively, were taken after 2 min incubation using a HewlettPackard model 8452A spectrophotometer at room temperature. All metal-binding data were fitted to an appropriate one-step competition binding model using Dynafit (Kuzmic, 1996) .
Cobalt titration assay
Apo-SczA protein was exchanged into metal-free 10 mM Hepes, pH 7.2, 400 mM NaCl buffer, at concentrations ranging from 0.25 to 0.55 mM. Metal stock of Co(II) was titrated into the protein solution and absorbance spectra were recorded between 250 and 800 nm after 1 min incubation at room temperature using a Hewlett-Packard model 8452A spectrophotometer. N SczA, 25 mM MES, 300 mM NaCl, 1 mM TCEP, 10% D 2 O at pH 6.5, and were supplemented with equimolar MnCl 2 when indicated. Chemical shifts were referenced to 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS; Sigma). NMR spectra were acquired at 30˚C with a Varian DDR 800 MHz or 600 MHz spectrometer equipped with a cryogenic probe at the Indiana University METACyt Biomolecular NMR Laboratory. Spectra were processed using NMRPipe (Delaglio et al., 1995) . The 3-dimensional spectra were acquired using nonuniform sampling and reconstructed using hmsIST (Hyberts et al., 2012) and analyzed using SPARKY (Goddard and Kneller, 2008) or CARA (Keller, 2004) . Sequential resonance assignments for the apo form were obtained using a 2D H} heteronuclear NOE was also recorded using TROSY (Renner et al., 2002) , and secondary structure predictions based on chemical shifts were made using TALOS1 (Shen et al., 2009) . Backbone resonance assignments have been deposited in the BioMagResBank (BMRB) under accession number 26658.
Nuclear magnetic resonance (NMR) spectroscopy
Growth conditions for S. pneumoniae
Brain-heart infusion (BHI; Becton, Dickinson and Company) medium was of standard composition and prepared with double distilled water. Standard BHI broth contained 18 lM Zn in final preparation. For growth experiments, bacteria were inoculated into BHI broth from frozen culture stocks, then serially diluted and grown overnight at 37˚C in an atmosphere of 5% CO 2 . Overnight exponentially growing cultures were diluted to an optical density at 620 nm (OD 620 ) of 0.006 into pre-warmed BHI containing increasing concentrations of ZnSO 4 (Alfa Aesar). All aerobic cell growth experiments were monitored over time at 37˚C in an atmosphere of 5% CO 2 .
Western blot analysis of CzcD and SczA protein
Protein expression was determined from strains harboring chromosomal fusions of single-FLAG-tagged CzcD and triple-or single-FLAG-tagged SczA grown to approximately 0.15 OD 620 in BHI and treated with 200 lM ZnSO 4 for 40 min. Cells were centrifuged, washed with ice-cold phosphate buffered saline (PBS), pH 7.4, resuspended in 1/35 the original culture volume with PBS, pH 7.4 containing 1% sodium dodecyl sulfate, 0.1% triton X-100 and 0.5 mg DNase, and lysed at 37˚C for 30 min. Cell lysates were diluted into 23 Laemmli sample buffer (BioRad) containing b-mercaptoethanol and heated at 95˚C for 10 min. Proteins (15 lg) were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Membranes were blocked with 5% membrane block agent (ECL; GE Healthcare) in PBS, pH 7.4 containing 0.1% Tween 20 (PBST) and probed with anti-FLAG rabbit polyclonal antibody (Sigma-aldrich) in PBST. Proteins were detected using anti-rabbit antibody linked to horse radish peroxidase and ECL western blotting reagent. Western blots were imaged using an image vision system.
For experiments examining the effect of bioavailable Mn:Zn ratio on SczA function. Exponentially growing WT and mntE-null strains harboring the CzcD-FLAG allele were diluted to 0.006 OD 620 into pre-warmed BHI with or without 200 lM MnCl 2 (Sigma-Aldrich). After approximately 3.5 h of growth, increasing concentrations of ZnSO 4 was added to cultures. Cells were harvested after 1 h incubation at 37˚C with 5% CO 2 and prepared for western blot analysis as described above. The statistical differences between nonstressed and Mn-stressed samples were examined using student t-test (unpaired test with Welch's correction).
Inductively coupled plasma-mass spectrometry (ICP-MS) for measurement of total cell-associated zinc
The total cell-associated Zn was quantified from 5 ml cultures that had been grown in BHI with or without 0.2 mM ZnSO 4 for 4 h. Cells were centrifuged, washed once with ice-cold PBS, pH 7.4 containing 2 mM nitrilotriacetic acid (NTA; Sigma-Aldrich, St. Louis, MO), washed twice with ice-cold metal-free PBS (10 g l 21 Chelex-100 resin was used to remove metals), pH 7.4, and dried for 2 h using a centrifuge evaporator. Dried cells were solubilized in 400 ll 30% (v/v) HNO 3 (Sigma-Aldrich, St. Louis, MO) and lysed by incubating at 95˚C for 10 min shaking at 500 rpm. ICP-MS samples were prepared by diluting 300 ll of lysed cells into 2.7 ml 2.5% (v/v) HNO 3 . Metal concentrations were calculated from the standard curve using 1-30 ppb metal stock solutions and normalized to total protein determined using DC TM protein assay (BioRad).
S. pneumoniae survival in macrophages
THP-1 cells (ATCC TIB-202) were grown under atmospheric control (95% air and 5% CO 2 ) at 37˚C in complete RPMI medium [RPMI with phenol red (Thermo-Fisher Scientific), supplemented with 10% fetal bovine serum, 10 mM HEPES, 30 mg ml 21 penicillin and 50 mg ml 21 streptomycin]. Cell culture flasks (25 cm 2 ; BD Falcon) were seeded with 3.5 3 10 6 THP-1 cells and differentiated by adding 100 ng ml 21 phorbol 12-myristate 13-acetate (PMA; Merck) and incubated for three days. Attached differentiated THP-1 cells (macrophages) were washed in complete RPMI and incubated with complete RPMI without added PMA to allow resting for a minimum of 2 days. One hour before challenge with S. pneumoniae, macrophages were detached using 1 mL StemPro Accutase (Thermo Fisher Scientific), washed in Hank's Balanced Salt Solution (HBSS; Thermo Fisher Scientific) and diluted to 1.1 3 10 5 cells ml 21 in HBSS. WT S. pneumoniae D39 and the sczA mutant variants were grown overnight on blood agar plates at 37˚C in an atmosphere of 5% CO 2 and subsequently inoculated into C 1 Y media (Begg et al., 2015) to an optical density at 600 nm (OD 600 ) of 0.05. At 0.3 OD 600 , cells were washed, resuspended in HBSS, and colony forming unit (CFU) counts determined by plating on blood agar. The macrophages and S. pneumoniae cells were co-incubated at a ratio of 1:10 for 90 min, then washed and incubated with 200 mg ml 21 gentamycin and 10 mg ml 21 penicillin for 30 min to kill extracellular bacteria. The macrophages were then washed in HBSS without antibiotic and incubated for an additional 60 min prior to analysis of intracellular bacteria by lysing the macrophages with 0.0625% Triton-X-100. The lysate was then plated onto blood agar. The CFUs were enumerated, corrected for input, and normalized to values obtained for the WT strain. The data represent the mean of five biological replicates (6SEM). The statistical differences between the mutant variants and the control (WT) were examined using a one-way ANOVA with Dunnett's post-test.
